ther obtained, we still believe it is of importance to openly publish the long-term outcome of these patients ( • ▶ Table 1 ).
Patients and Methods

▼
In addition to the 3 patients described before (patients 1-3 of the 2009 publication), 2 additional patients (patients 4 and 5) received bilateral DBS of NAc according to the protocol previously published [1] . In brief, inclusion criteria were as follows: male, age 25-60, inpatient detoxification followed by a minimum 2-week period of abstinence prior to surgery, a minimum 10-year history of alcoholism and at least 2 long-term rehabilitation treatments of at least 6 months in total as well as unsuccessful therapy with at least one of the anticraving medications (acamprosate, naltrexone) or disulfiram. Exclusion criteria were co-morbid mental retardation, withdrawal seizures during pharmacological detoxification, antisocial personality, visible brain damage in a CT or MRI scan as well as alcohol-related personality deprivation and abuse of other psychotropic substances with the exception of nicotine. Pre-and post-surgical assessment in the initial years included Symptom Checklist-90 (SCL), clinical psychopathology, obsessive-compulsive drinking scale (OCDS), and Alcohol Urge Questionnaire (AUQ). Surgery was performed at the Department of Stereotactic
Introduction
▼
In 2009, we published the first 3 cases of patients with severe treatment-resistant alcohol addiction who received bilateral deep brain stimulation (DBS) of the nucleus accumbens (NAc) to treat their disease [1] . In late 2008 and early 2009, two additional patients received DBS at our center as part of a pilot trial. In the years following the publication, DBS as a novel treatment for addiction has been applied to other addictions such as cocaine and heroin addiction in humans [2] [3] [4] . In addition, an increasing number of studies has been published on the effects of NAc DBS on specific addictive behaviors in rodent models [5] . Interestingly, although only a few patients with addiction have been included in clinical trials worldwide so far, the simple idea of treating addiction with neuromodulation led to multiple considerations regarding ethical issues. Respective publications tried to propose guidelines for future research but also raised concerns about brain stimulation for 'behavioral' disorders (sometimes even questioning the neurobiological aspects of addiction) or simply disapproved of the idea of treating addiction with brain stimulation [6] [7] [8] [9] [10] [11] [12] . This article describes the results and long-term experiences of 5 patients who received DBS to treat their severe and treatment-resistant addiction. While the experience is mainly clinical and no additional randomized scientific data was fur-
We report on the long-term clinical outcome (up to 8 years) of 5 patients who received deep brain stimulation (DBS) of the nucleus accumbens to treat their long-lasting and treatment-resistant alcohol addiction. All patients reported a complete absence of craving for alcohol; 2 patients remained abstinent for many years and 3 patients showed a marked reduction of alcohol consumption. No severe or long-standing side effects occurred. Therefore, DBS could be a promising, novel treatment option for severe alcohol addiction, but larger clinical trials are needed to further investigate the efficacy of DBS in addiction.
Neurosurgery and clinical examinations were performed at the Departments of Psychiatry and Neurology, all at the University Hospital of Magdeburg. Until 1990, he consumed alcohol socially. Following German reunification, he was unable to keep his former job as an electrician and started to work as a janitor, when he started to consume alcohol early during the day with a colleague. In 1991, he suffered acute pancreatitis and he was told for the first time that he was addicted to alcohol. He continued to consume alcohol and first entered treatment in 1996. However, he received only one detoxification treatment and relapsed soon after. By 2000 he had undergone inpatient detoxification yearly, but never managed to stay abstinent for more then 1-2 months after treatment. In 2000 he entered inpatient rehabilitation treatment for 16 weeks and stayed abstinent for over 2 years. By 2006 he had completed several detoxification treatments as well as outpatient rehabilitation and psychotherapy, but never stayed abstinent for more than 1-2 months after completing treatments. Since 2006, his daily alcohol consumption increased rapi dly, sometimes exceeding 600 g of ethanol a day. More than once he was found unconscious and comatose, requiring ICU monitoring at our university hospital. His ADS score was 33 and his AUQ was 14.
Case vignettes of previously unpublished patients
Safety and Clinical Long-term Results of All Five Patients ▼
All patients were offered not only continuous care of their DBS device but also continuous psychiatric outpatient care at our university hospital covered by their compulsory health care insurance, thus care was free of charge for all.
Patient one
He remains abstinent since initiation of DBS in October 2007 without a relapse, thus being alcohol-free for almost 8 years. He has never reported any side effects or negative effects due to the DBS device and received a rechargeable DBS generator in 2012.
He works full-time as an artisan and often has to travel away from his hometown for weeks. He reports a continuous and total absence of craving for alcohol following DBS.
Patient two
He remained abstinent since initiation of DBS in January 2008 without a relapse. After 2 years of abstinence he started to attend nursing school and became a licensed medical nurse in summer 2012. He moved away to a different city in another state and started to work full-time at an intermediate care unit at a hospital. He was lost to clinical follow-up at the end of 2014 when he was last contacted by phone, when he claimed to be abstinent, still working and feeling well. Based on clinical records, the generator must have run out of battery power but the patient did not contact our department to schedule an appointment and could not be reached as he changed his phone number and his address is not publicly listed.
Patient three
Since initiation of DBS in 2007, he continued to relapse as described before and relapses became more frequent during mid 2009, leading to another long-term inpatient rehabilitation treatment for 12 weeks in fall 2009. He managed to stay abstinent for about 2 months after and had multiple short relapses since spring 2010. As he recalled, due to DBS his craving for alcohol vanished completely and he always relapsed because of negative stress he could not handle otherwise. In fall 2010 he was imprisoned for almost 4 years due to revocation of an old suspended sentence. Reasons for revocation included multiple counts of using public transportation without a valid ticket and other misdemeanors added up. During his imprisonment, the battery ran out of power and he reported a recurrence of craving leading to a replacement of the generator. After discharge in spring 2014 he continued to stay abstinent for days to weeks but had multiple yet short relapses. While the benefit of DBS was increasingly questioned by our professional staff, the patient always emphasized that without DBS he would drink high amounts of alcohol daily due to craving. The patient died in early summer 2015 and was legally autopsied as he was a subject of research. While the results of the autopsy are not available due to legal reasons, it can be assumed that DBS itself had no influence on his death as legal investigations would have followed had the autopsy raised such a suspicion. Although cause of death remains unclear to us, it can be assumed that he died due to continuous consumption of alcohol.
Patient four
His clinical records and lab results indicated abstinence for over 12 months following initiation of DBS. He was first detoxified after 15 months and stated that he had only relapsed for a few days before, as he wanted to see what would happen. He had additional relapses with subsequent detoxifications after 17, 21, 26 and 31 months. Although he did not manage to stay completely abstinent after DBS started, he always stated that DBS helped him to not relapse continuously and relapses always happened due to stress, not craving. In contradiction to his lab results, which always indicated a relapse for at least a week or two, he always insisted that his relapses were of a few days length only. After 36 months he suffered from a major depressive episode that was treated to remission with an SSRI and psychotherapy. However, he continued to relapse during the fourth year of DBS. As a main reason for relapse, he stated that he could not cope with the fact that his otherwise healthy and nonaddicted brother suddenly died a few years before and that he continued to live despite being addicted. While he was never suicidal and was offered inpatient therapy on numerous visits, he was lost to follow-up and we were informed that he was found dead at his home in late summer of 2012. Identical to patient 3, an autopsy was automatically ordered by a federal prosecutor, as cause of death was unknown, without further legal investigations into the DBS trial. Similarly, it can be assumed that he died due to continuous consumption of alcohol.
Patient five
He first relapsed for 2 days 20 months after DBS started and his lab results including CDT were normal. Since then he continues to have short relapses (up to 10 days) about every 2-3 months to "relieve" negative stress adding up to approximately 50 drinking days a year. He states that craving for alcohol had persistently disappeared and that the ratio of drinking days to abstinent days reversed after DBS was started. Before DBS, he was unable to be abstinent for 50 days in a year. Clinically, he received outpatient psychotherapy treatment at our center 24 months after initiation of DBS for marital problems, feelings of guilt and depressive symptoms, as he did not manage to remain abstinent continuously and was thus unable to return to a substance-free life. Subsequently, after he and his wife finally separated in 2013, antidepressive medication (10 mg escitalopram) was started and depressive symptoms remitted.
Summary Results and Side Effects ▼
As outlined in the patient vignettes, all patients included had been severely addicted to alcohol and on average consumed at least 200 g ethanol a day. In addition, all patients had been highly resistant to existing treatment options and consumed high amounts of alcohol almost daily in the years before receiving DBS. All 5 patients reported a persistent disappearance of craving for alcohol ( • ▶ Fig. 1 ) and all patients acknowledged the fact that lack of craving was a main cause for abstinence or reduced alcohol consumption. Yet, although craving disappeared in all patients, not all patients were able to remain abstinent completely and 2 patients died after 4 and 8 years, respectively. With the exception of the previously reported hypomanic state of patient 2 directly after initiation of DBS, no adverse or serious adverse effects associated with DBS were observed in the followup period of up to 8 years. No patient reported any negative effects of DBS on their overall psychological well-being and no psychopathological symptoms were reported or observed during the follow-up period with the exception of depressive symptoms in patient 5 not associated with DBS. Stimulation parameters remained as previously published and no changes were made when patients relapsed. Surgeries for replacement of impulse generator were performed at our hospital as well and no side effects occurred during these procedures, which were financed by research grants. As all patients reported an absence of craving, stimulation parameters have not been changed throughout the course of treatment.
Discussion
▼
The most striking single result of this pilot trial is the reported complete and persistent absence of craving for alcohol after initiation of NAc DBS. While AUQ scores differed in severity before DBS, AUQ dropped to normal after DBS in all patients. In addition to normal AUQ scores, patients also reported an absence of cueinduced craving in daily life, such as passing by a bar or seeing alcohol in a grocery store. In recent years, multiple fMRI and PET studies have shown that -by serving as an unconditioned stimulus -repeated intake of alcohol allows drug-related cues to become conditioned stimuli predictive of a drug response, thus leading to dopamine release and craving. Clinically, consumption of alcohol shifts from a goal directed towards habitual behavior [13] . Thus, the reported absence of craving for alcohol is in line with the hypothesis that DBS of the NAc may normalize or "free" the reward system of the brain, which has been "hijacked" by alcohol [14] . However, although DBS eliminated the craving for alcohol, it did not lead to complete abstinence in all patients treated.
In our patients, we used the common AUQ self-rating scale to measure craving. This, of course, measures only the conscious craving for alcohol, so patients have to be aware of it. Yet it has been postulated that automatic or habitual alcohol intake without conscious craving may also play an important part in relapse [15] [16] [17] and could explain why some patients relapsed although they no longer experienced craving. In addition, relapse can also be explained by negative reinforcement, which tends to become more relevant in the later course of addiction and could explain why the 2 youngest patients did not relapse, whereas the older patients, who had much lower craving levels on the AUQ [18, 19] , did. All of the above-mentioned possible reasons for relapse are based on the acute and long-term psychotropic effects of alcohol leading to dysfunctional brain circuits. However, aside from its psychotropic effects on the function of brain circuits, alcohol also has neurotoxic potency, leading to irreversible structural damage of brain tissue [20, 21] . Therefore, relapse might also be explained by structural brain damage of relapse-associated brain circuits, which is supported by recent studies showing that morphological abnormalities [22] and atrophy correlate with risk of relapse [23] . Considering the fact that response rates of available treatment interventions range between 30 to 85 % [24, 25] there clearly is a need for novel treatments in alcohol addiction. Keeping in mind that our patients were severely affected by their alcohol addiction and were non-responders to available treatment options before DBS was initiated, we believe that our results are very promising. Thus, larger double-blind and sham-controlled trials are needed to assess the impact of NAc DBS on craving and its clinical relevance in treating alcohol addiction. However, recent experience with DBS trials in cocaine and heroin addiction showed that DBS seems to be rather unattractive in affected individuals [3] . Aside from the clinical aspects, we believe that the experiences of patients with DBS are also noteworthy. All patients reported that their overall experience with DBS was very positive. They all reported a health benefit attributed to DBS and none of the patients reported side effects or negative consequences associated with DBS, which they would have accepted as a compromise. Interestingly, DBS did not suppress the reward system entirely or lead to lack of pleasurable feelings in normal or daily situations but rather enabled patients to experience pleasurable or rewarding feelings again.
As mentioned in the case vignettes, 2 patients died after 4 years and 8 years of DBS, respectively. While death of patients is always tragic, the death of patients actively enrolled in clinical research is always alarming initially and thorough investigations into cause of death are needed to ensure that no harm was done because of the research intervention. Keeping in mind that mortality is dramatically increased in alcohol addiction [26, 27] , the fact that our patients died years after initiation of DBS makes it very unlikely that DBS is a causal link in their deaths. This is supported by the fact that no formal or judicial investigation was initiated following the autopsies ordered by the federal prose cutor. In summary, the long-term clinical outcome of the 5 patients who received DBS to treat their long-lasting and treatmentresistant alcohol addiction seems promising and justifies further clinical investigations.
Important note ▼
During the process of proofreading the accepted manuscript, we were finally able to obtain the legal autopsy reports of both deceased patients. In both cases no causal relationship between DBS and death was found or suspected. Both patients died most likely due to severe alcohol withdrawal. However, as both bodies were found > 24h after time of death, no definitely cause of death could be determined.
